Abstract-Ground Penetrating Radar (GPR) is widely recognised as an operationally useful sensor for mine detection as it can offer better detection performance than the ubiquitous metal detector in the presence of low-metal content mines. However, GPR has to overcome many potential sources of false alarm due to clutter and battlefield debris, which lower the efficiency of the sensor. This paper analyses a set of experimental data collected in a recent multi-offset GPR measurement campaign with inert landmines composed of different assemblies buried in sandy soil. The aim of the work is to evaluate the key differences observed by a radar system when the transmitter and the receiver are moved apart, as a function of their distance and hence when the illuminated section of the target is diversified. The results of the comparison between the collected multi-offset profiles show that using a bistatic geometry could represent a strategy to reconstruct composite objects with finer and better details.
I. INTRODUCTION
Landmines pose a serious and ongoing threat to civilians, instilling fear in communities and acting as a lethal barrier to development and post-conflict reconstruction [1] . Currently, 11 states are identified as producers of antipersonnel landmines (APL), with many more reserving the right to do so, and more than 60 countries and areas are contaminated by mines as October 2016 [2] .
Reliable mine detection is still an unresolved problem. Demining operations are complicated because of the large variety of existing landmine types, many different possible soil and terrain conditions, and environmental circumstances [3] . Traditional approaches to detect landmines use electromagnetic induction (EMI) sensors which were firstly developed during WWI and subsequently refined [4] . The advantage of these sensors is that they can sense as little as less than 1 g of metal and are easy to operate. However, there are significant limitations to this technology that remain to be addressed. Low and non-metallic landmines, for instance, remain one of the most difficult subsurface targets to be detected not only with EMI technique, but also using several other geophysical techniques [5] [6] .
Ground Penetrating radar (GPR) has been proposed as an alternative to classical electromagnetic induction techniques for the landmine detection [7] [8] [9] due to a number of advantages [10] [11] . Firstly, GPR can locate and characterise both metallic and non-metallic subsurface features [12] [13] and therefore be used to detect non-metallic APLs [14] . Secondly, generating an image of the mine or other buried objects based on dielectric constant variations can help classify the detected targets and characterise the surrounding area [15] [16] [17] . Finally, GPR sensors are becoming more and more lightweight, easy to operate, and they can scan at a rate comparable to that of EMI systems [18] . Despite these advantages, GPRs still present some technological limitations such as a prohibitive false alarm rate, especially in heterogeneous soil, and a sometimes limiting long acquisition time [19] [20] .
Traditional GPR surveys are conducted in quasi-monostatic configurations, with the transmitter and the receiver close to each other, along a single bidimensional scan line. From a practical point of view, this method allows easy access to most survey areas and a relatively fast and simple acquisition [21] . Although most practical applications have been in the monostatic domain, using bistatic geometries may offer several key benefits, especially for low-observable targets in highly heterogeneous soil conditions. Both object detection and identification can be significantly enhanced through the use of the additional degrees of freedom provided by bistatic geometries [22] , dimension which increases the measured information content [23] . The multi-offset method, in which the transmitter and the receiver are independently managed, is a well-rehearsed technique developed by the seismic community with the aim of improving Signal to Noise Ratio (SNR) and the accuracy of velocity estimation [24] [25] . The expected potential of using bistatic solutions is to yield lighter weight, lower cost systems and improved detection, identification and coverage performance.
The majority of landmines are moulded from plastic materials and any metallic content is minimal or absent; this means that a change in the distance between the transmitter and the receiver will vary the vertical position of the reflection centre of the overlapping footprint inside the target. Given the nature of the investigated items, one can hypothesise that multiple looks at a target, resulting by varying the spacing between the Tx and Rx antennas, can ease the task of resolving targets of interest from clutter and provide a more detailed image of the subsurface features [26] [27] [28] .
Migration algorithms, based either on diffraction compensation or waveform inversion, depend on the distance between antennas, thus a better and finer target reconstruction is expected from the combination of the different output of a multi-offset survey [29] . In this way, all information present in the GPR traces is used, which enables the estimation of quantitative electromagnetic properties.
This work presents some preliminary experimental results obtained from the analysis of landmine GPR profiles collected with different transmitter and receiver separation. Multi-offset data were collected for a representative inert landmine buried in sharp sand soil with a GPR consisting of two separate Tx and Rx modules both placed in contact with the surface to ensure a proper coupling and increase the radiation efficiency. The aim is to provide an initial evaluation of what can be gained from the analysis of multi-offset GPR images, both in terms of level of information and resolution.
The paper is organised as follows. Section II describes and justifies the experimental setup employed in the experiments. Section III presents and comments the results of the campaign exploiting the information content and the features extracted from the collected bistatic profiles for each transmitter/receiver location. Further considerations, the conclusions and suggested future works are provided in Section IV.
II. EXPERIMENTAL CAMPAIGN
The bistatic profiles presented in this paper have been acquired in a test sand pit located at the Defence Academy of the United Kingdom in Shrivenham. The GPR equipment used for the measurements consists of an IDS Aladdin radar and an IDS THRHF radar, both provided by IDS Georadar srl. The two impulsed devices carry dipole antennas with an operating central frequency and a bandwidth of 2 GHz and 3 GHz, respectively (Figure 1(a) ). A soft pad, the PSG (Pad System for Georadar, U.S. Patent no. US 7, 199 ,748 B2 of Politecnico di Milano, Italy, [30] ), was placed between the radar equipment and the soil to ensure accurate measurements and fixed antenna orientation from trace to trace [31] (Figure  1(b) ). The higher frequency equipment acted as the receiver module to take advantage of the finer sensitivity of its components. Stand-off radar systems suffer from a low energy coupling process efficiency since, in the presence of lossy materials, complex angles of refraction may occur. At larger incident angles than the Brewster angle the losses at the air/ground interface increase rapidly [32] . In addition to the problem of coupling energy into the ground, the effective cross section of all landmines decreases when they are buried. Much of the literature focuses on advanced signal processing techniques in an attempt to remove the effects of the rough surface [33] , [34] . The efficacy of conventional air-coupled GPR has been limited by the rough air/ground interface, below which landmines are typically buried. Conversely, employing a ground coupled platform could greatly improve signal penetration and data resolution [35] [36] . When the antennas are in contact with the ground, the subsurface waveform is nearly unaffected by the roughness of the soil and therefore is predictable and easy to analyse, even for plastic landmines [37] . Figure 2 presents an example of the effects originated from elevating the antennas from the ground. As can be seen, not only the overall quality of Figure 2 (b) is lower but also the resolution is degraded. Therefore, when the purpose of the acquisition is not just a detection task, and the aim is to extract details of the internal structure or define the shape of the buried object, increasing the efficiency of the energy spreading may be essential. The major drawbacks of having a device in direct contact with the surface are an accidental detonation of a surface laying device, and the need for a clean terrain surface. Both of them are partially resolved by the necessary prior vegetation-cutting process [38] , that for instance occupies about 80% of the time spent for the clearance process [39] , which could create a suitable surface preparation and at the same time eliminate trip wires activated ordnance and surface lying ones. In addition, the GPR platform could be made so light that its weight would not be able to trigger a landmine, and proper armoured surface pads can be employed [40] .
The chosen measurement methodology was a common receiver scheme, in which for each receiver position the transmitter antenna was moved along an inline profile ( Figure  1(b) ). Then, the receiver was progressively shifted along the same profile replicating the previous step. The acquired traces were finally arranged to create a set of multi-offset profiles (Figure 3) , in which the same GPR scan is defined by a different transmitter and receiver separation. Acquisition details are provided in Table I . The landmine under test was a Soviet PFM-1 landmine [41] filled with a training simulants for high explosive and complete of all its parts (Figure 4) . Although the PFM-1 contains liquid plastic explosive with higher dielectric values, the expected differences in the signature are limited to a variation in magnitude and therefore their effect on the scope of this investigation can be ignored. Figure 5 shows the employed device, together with its detailed components. The chosen device does not present a complex internal structure but is characterised by a composite shape: a stabiliser wing (marked C in Figure 5(b) ), a detonator cap (marked B in Figure 5(b) ), and the main body of the landmine (marked A in Figure 5(b) ). The thickness of the stabiliser wing and the main body is 3 mm and 20 mm, respectively. The target was buried accordingly to Figure 5(c) , the bottom being the deeper limit of the landmine and the stabiliser wing the first encountered components. Data were collected with the reflection centre of the antenna right in the middle of the target.
Due to humidity, the sand was not completely dry, providing a relative dielectric constant of approximately 9 and hence a resulting propagation velocity of 10 cm/ns. As it can be noticed in Figure 4 , the target was buried in sharp sand, with very low clay content and gritty texture for a better drainage. This last aspect was fundamental to avoid trench effects when burying the target in humid conditions.
The processing chain applied to the data [42] consisted of a linear frequency filtering and a spherical exponential compensation gain function, matched to the soil characteristics, to recover the amplitude losses.
The particular design of the target should highlight possible variations, as increasing the distance between the transmitter and the receiver will produce an overlapping footprint located at a different depth of the target, as sketched in Figure 6 . For the case under investigation, a small offset should be capable of fully describing the device, thin wing included, while an increased distance will not manage to image all the landmine details, but it will better define the physical extension of the buried target.
III. RESULTS
The obtained bistatic profiles are shown in Figure 7 . The relative distance between the transmitter and the receiver antenna is indicated at the top of each frame. An interpretative sketch is provided in the lower corner of the figure. In addition, for a proper comparison, all the presented profiles have been normalised. From a first view, it is evident from Figure 7 that the information content relevantly changes with the separation. Results highlight the decreasing number of identifiable hyperbolas and their width in the collected data, underlining the different illuminated features of the landmine. Obviously, a time delay in the surface reflection occurs, as increasing the distance between the antennas means a longer bistatic propagation path. For the same reason, the energy content of the frame decreases due to absorption phenomenon as the spacing between transmitter and receiver increases.
The offset range was selected to (1) ensure that all landmine reflections were properly collected, and (2) to keep the maximum spacing corresponding to the actual logistical circumstances. A secondary consideration is the demonstration of the need for high frequency and wide bandwidth systems to extract as much information as possible.
Comparing the radar response at different offset supports the previously made hypothesis on the discrepancy in the imaging performance, as in a quasi-monostatic case, all the three components highlighted in Figure 5 (b) appears in the radargram (Figure 8(a) ), while when the footprint illuminates a different section of the target, either the main body only (Figure 8(b) ) or its bottom (Figure 8(c) ) are visible. As a result of its limited thickness, and therefore to its weak scattering magnitude, even a small increase in spacing between antennas can reduce the capability of imaging the stabiliser wing. When the offset is larger than 30 cm, the image delineates the physical extension of the landmine, as the vertical position of the reflection point is located over the lower surface of the target. Globally, what can be infer from the frames of Figure 7 is the presence of a target composed of more than a single body, as otherwise the trend of the detected hyperbola would have been constant. Equally, the situation of having two targets located near to each other can be excluded.
As one of the main limitations of GPR as a landmine detector is the common deception of the equipment from clutter sources, through this methodology one can infer with a higher confidence whether the detected anomaly is mainly a solid homogeneous object, hence more likely to be a false alarm, or the presence of a number of assemblies could mark a buried threat.
IV. CONCLUSION
The reported empirical work has been aimed at investigating the effects of a change in the transmitter and receiver distance on the imaging performance of GPR. The experiments, carried out with wide bandwidth equipment and with a target buried in sandy soil, have demonstrated that a multi-offset approach can offer a deeper insight of the target, as well as a better understanding of its nature. The level of detail of composite targets can be significantly enhanced comparing the radar response collected at increasing (or decreasing) transmitter and receiver distances.
The radar platform was placed directly over the surface to take advantage of an increased coupling efficiency and avoid the loss of energy at the air/ground interface. A soft pad, potentially moulded with armouring capability, was placed in between to guide the acquisition and to ensure a proper adherence. The employed target, a Soviet PFM-1 landmine was chosen due to its composite design to exploit whether the collected images will show noticeable information content distinction and can be a further tool for reducing the uncertainty in the detection process.
Different behaviours have been highlighted, mainly a significant variation in the information content of a monostatic image compared to the one produced by a large offset. These behaviours are due to the fact that the reflection point will be located on a different part of the target, illuminating different sections. A further valuable consideration could include a combination scheme of the collected profiles to take advantage of the multi-fold properties and increase the information richness of the images.
Obviously, the propagation characteristics of the soil were highly favourable, thus a trial with more heterogeneous soil need to be carried out in order to assess the performance of the technique when the target is buried in lossy ground. Additional future work includes an evaluation of the possibility of combining multi-offset images into a single bidimensional profile with improved quality, with a dedicated processing development and inversion techniques which could take into account the separation variability.
